Introduction
Biostratigraphic zonal schemes based on isolated specimens of planktonic foraminifera have been well established beginning from the studies of Bolli (1957) and Blow (1969) for the Palaeogene and of Pessagno (1962) for the Upper Cretaceous. On the other hand, identification of planktonic foraminifera in thin section is a longestablished and widely used method for dating of the Upper Cretaceous and Palaeocene marine sequences. Although axial sections of the Upper Cretaceous and Palaeogene planktonic foraminifera were well illustrated together with photographs of isolated specimens by classical work of Postuma (1971) , biostratigraphic subdivisions based on thin section analysis have been subjected to relatively few studies, including those of Sliter (1989 Sliter ( , 1999 , Sliter and Leckie (1993) , Premoli Silva and Sliter (1995) , and Robaszynski et al. (2000) for the Upper Cretaceous and van Konijnenburg et al. (1998) for the Palaeogene. These pioneering works are commonly followed by various researchers to establish biostratigraphic zonation in some Upper Cretaceous and Palaeocene sections in Turkey and Northern Cyprus (e.g., Özkan-Altıner and Özcan, 1999; Sarı and Özer, 2002; Sarı, 2006 Sarı, , 2009 Sarı, , 2013 Hakyemez and Özkan-Altıner, 2010) .
The Upper Cretaceous to Eocene marine units of the Kocaeli Peninsula have been extensively studied in the past, including the first lithostratigraphic subdivision with the earliest documentation of the Cretaceous and Palaeocene planktonic foraminifera (Baykal, 1942 (Baykal, , 1943 Erguvanlı, 1949; Altınlı, 1968; Altınlı et al., 1970) . Following works mainly focused on lithostratigraphy, where planktonic foraminifera were used to date the lithostratigraphic units rather than to provide a biostratigraphic zonation (e.g., Kaya et al., 1986; Çakır, 1998; Tüysüz et al., 2004; Özcan et al., 2012) . There are few biostratigraphic studies of the pelagic limestones of the Akveren Formation (Dizer and Meriç, 1981; Tansel, 1989a Tansel, , 1989b , the main planktonic foraminifera yielding unit in the Kocaeli Peninsula. The present study establishes the Maastrichtian-Thanetian biostratigraphic framework of the Akveren Formation mainly based on thin section analysis of planktonic foraminifera from three stratigraphic sections in the southern Kocaeli Peninsula, for which the preliminary data were provided in an MSc thesis (Sarıgül, 2011) for the first time. Analysis of the isolated specimens obtained from the Cretaceous-Palaeogene (K-Pg) boundary interval improved the biostratigraphic subdivision across the K-Pg boundary in the Kocaeli Peninsula as well.
Geological setting and the Upper Cretaceous-Eocene stratigraphy of the Kocaeli Peninsula
The Upper Cretaceous-Eocene rocks of Anatolia represent a substantial part of the Alpine orogenic phase, when the two main palaeotectonic units, the Pontides (i.e. the assembly of the Sakarya Zone, the İstanbul Zone, and the Strandja Massif) and the Anatolide-Tauride Block, coalesced together ( Figure 1A ). The convergence initiated in the Early Cretaceous or earlier, whereas the associated volcanism started in the Turonian; then the closure of the Tethys Ocean and subsequent uplift occurred predominantly during the Maastrichtian-Mid Eocene, which formed most of modern-day Anatolia (e.g., Şengör and Yılmaz, 1981; Okay and Tüysüz, 1999) .
The Kocaeli Peninsula belongs to the İstanbul Zone, which geographically corresponds to the Western Pontides ( Figures 1A and 1B) . In most areas of the Kocaeli Peninsula, the Upper Cretaceous-Eocene marine sequence lies unconformably on a distinct transgressive Okay and Tüysüz, 1999) , including the location of the study area demonstrated in the blue quadrangle, and (B) detailed view of the studied sections within the Upper Cretaceous-Eocene marine deposits of the Kocaeli Peninsula (modified after Özcan et al., 2012) .
Triassic sequence that starts with the basal clastics of the Kapaklı Formation and ends with the pelagic carbonates and clastics of the Tepeköy Formation (e.g., Tüysüz et al., 2004) (Figure 2 ). The Campanian Hereke (or Teksen) and the overlying Kutluca formations constitute the base of the Upper Cretaceous sequences in the Kocaeli Peninsula (Figure 2 ). The red basal conglomerates and sandstones of the Hereke Formation were derived from the Triassic and Palaeozoic basement and display a sharp contrast with the carbonate groundmass, whereas the Kutluca Formation mainly comprises biostromal units that are locally replaced by fossiliferous marls and sandstones. Additionally, the Santonian-Campanian volcanics on the Black Sea coast of the Kocaeli Peninsula can be correlated with the Yemişliçay Formation of the western Pontides, but their stratigraphic relation to the Hereke and Kutluca formations are not resolved. Thus, these volcanics are not represented in the generalised columnar section (Figure 2 ).
In several sections of the Kocaeli Peninsula, however, the Upper Cretaceous starts with the Akveren Formation (e.g., Özcan et al., 2012) . The name "Akveren Formation" is widely adopted for the upper Campanian-Thanetian marine carbonate deposits of the western Pontides, as well as of the Kocaeli Peninsula, at the expense of the previous lithostratigraphic terminology (e.g., Tüysüz et al., 2004 Tüysüz et al., , 2012 (Figure 2 ). The Akveren Formation is a typically beige-to pink-coloured, predominantly thinto medium-bedded micritic limestone unit that contains abundant planktonic foraminifera. The sedimentologic character of the Upper Cretaceous part of the Akveren Formation is variable in the Kocaeli Peninsula; it gradually passes from shallow marine (upper Campanian-lower Maastrichtian) to more pelagic facies (Maastrichtian) at the southern portion, whereas at the northern portion it is distinguished by a monotonous pelagic limestone sequence. In both cases, the lithology grades into more marly sections with calciturbidites in the upper Palaeocene. The lower boundary of the Akveren Formation in the Kocaeli Peninsula can go down to the Campanian (e.g., Tansel, 1989a; Özer et al., 1990 , 2009 , as in the Armutlu Peninsula (e.g., Özcan et al., 2012) and in the eastern part of the Western Pontides (e.g., Hippolyte et al., 2010 Hippolyte et al., , 2015 . Tüysüz et al., 2004; Özcan et al., 2012) . The column is correlated with the stratigraphic time scale of Cohen et al. (2013) . Note that the Santonian-Campanian volcanics exposed at the Black Sea coast of the Kocaeli Peninsula are not depicted due to their unresolved stratigraphic relations with the Hereke and Kutluca formations.
In turn, the upper boundary reaches to the Thanetian, as documented in previous studies (e.g., Tansel, 1989b; Özer et al., 1990; Özcan et al., 2012) , as well as in the present one. The absence of volcanic input in the studied sections also indicates that volcanism of the Pontide magmatic arc ceased around the Campanian-Maastrichtian boundary (e.g., Tüysüz, 1999; Tüysüz et al., 2004) .
The depositional setting for the remaining part of the Kocaeli sequence differs in the northern and southern parts of the Kocaeli Peninsula (Figure 2 ). The Çaycuma Formation is the only formation described above the Akveren Formation at the southern part of the peninsula. On the Black Sea coast, in contrast, the Akveren Formation is overlain by the red-to pink-coloured marls and carbonate-rich mudstones of the Atbaşı Formation, the sandstones and siltstones of the Çaycuma Formation (including the Şile Olistostrome), and the limestonemarl alternation of the Yunuslubayır Formation. Once considered as a continuous succession, the latest works on the Palaeogene foraminiferal biostratigraphy in the area revealed the unconformable relation between these formations. The uplift generated by the continental collision between the Pontides and the Anatolide-Tauride Block (Okay and Tüysüz, 1999 ) is responsible for the erosional phase prior to the deposition of the Çaycuma Formation, similar to a recently reported gap encompassing the late Thanetian-Ilerdian interval between the Akveren and Çaycuma formations in the middle part of the Kocaeli Peninsula (Özcan et al., 2012) . On top of the sequence, the Çaycuma and Yunuslubayır formations are referred to the lower Cuisian and lower Lutetian, respectively (Özcan et al., 2007, 2012) (Figure 2 ).
Studied stratigraphic sections
The Belen, Bulduk, and Toylar sections are the three measured sections in this work, which are all located at the southern part of the Kocaeli Peninsula ( Figure 1B) .
Belen section
The Belen section (section start: 35T 732401 4523640; section end: 35T 732586 4522396) is located at the northern part of the village of Belen ( Figure 1B ). The outcrop around Belen village exposes the Upper Cretaceous transgressive sequence lying unconformably over the Triassic rocks of the southern Kocaeli Peninsula (Figure 2 ), which starts with the pinkish to yellow-brown paralic conglomerates/ sandstones with coal and bivalve fragments, and then it passes upward into a sandstone-marl alternation that includes occasional plant and bivalve (e.g., rudists, Inoceramus) fossils with additional coal fragments. Upon this sequence, the Belen measured section (~145 m) starts with the planktonic foraminifer bearing grey-white marls (Figure 3) . Upwards in the section, the clay content of the limestones reduces and the marls pass into whitecoloured and micritic limestones with sporadic echinoid fossils. A monotonous sequence of white biomicrite covers most parts of the Belen section; the clay concentration increases upwards in the sequence and marl becomes the dominant lithology for the remaining part of the section. Unlike the other two sections, more marl-calciturbidite alternations are observed on the top of the Belen section. The calciturbidite beds yield Discocyclina seunesi karabuekensis, Orbitoclypeus multiplicatus haymanensis, and O. schopeni ramaroi, an assemblage that corresponds to the early Ilerdian age (Özcan et al., 2014) and might represent the overlying Atbaşı Formation or the possible continuation of the Akveren Formation.
The K-Pg transition is subjected to additional observations with more detailed sampling in the Belen boundary (Belen-B) section ( Figures 4A-4D and 5). The bedding is very thin around the boundary, only a few centimetres in thickness. The stratification is gently tilted towards the north like the rest of the sequence, and the primary stratification occasionally becomes hard to follow due to weathering. There is a distinct and hitherto undocumented hardground layer that coincides with the uppermost Maastrichtian ( Figures 4C and 4D ). The hardground layer is distinguished with a reddish colour, completed with occasional multicoloured bands of oxidation and an increased amount of cement compared to the rest of the sequence. There are few additional markings that can be interpreted as burrowing traces, represented by circular holes opening into hollow tubes ( Figure 4D ). However, the signs of bioturbation are not as evident as the ones noted for the Bulduk section (see below).
Bulduk section
The Bulduk section (section start: 35T 749560 4538350; section end: 35T 749668 4538552) is a thick sequence ranging from Upper Cretaceous to Eocene rocks and giving wide outcrops at the northern part of the Bulduk and Nasuhlar villages ( Figure 1B) . The upper part of this section is exposed around the village of Bulduk and it is widely known for the thick Eocene marls that contain abundant larger benthic foraminifera. However, the lower part of the sequence, which is exposed at the western part of Nasuhlar village, has not been studied so far. Thus, the Bulduk section here covers the previously unstudied Upper Cretaceous and Palaeocene portion that is represented by a relatively narrow section with a thickness of about 10 m ( Figure 6 ). The first couple of meters of the measured section are made of white-to beige-coloured micritic limestone that contains abundant Cretaceous planktonic foraminifera and occasional echinoid fossils. Following a distinct crinoid-rich calciturbidite bed, micritic limestones are gradually replaced by white-grey marls towards the upper part of the section. Above the marls, the section continues with calciturbidites that contain abundant larger benthic foraminifera, including Assilina gr. yvettae-aziliensis, which is one of the marker species of the Shallow Benthic Zone 4 (SBZ 4, Serra-Kiel et al., 1998) that corresponds to the upper Thanetian (Vandenberghe et al., 2012) .
The primary stratification is almost horizontal but often obscured below the K-Pg boundary in the Bulduk boundary (Bulduk-B) section, which is sampled in detail ( Figures 7A-7F and 8 ). Similar to that of the Belen-B section, another hardground layer that is quite distinct with a bright red colour is detected also in the Bulduk-B section ( Figures 7C and 7D) . However, the Bulduk-B section hardground differs from its counterpart by being exposed to intense bioturbation ( Figures 7E and 7F ) that created an altered zone lacking the primary stratification that varies from few centimetres up to 30 cm in thickness along the boundary.
Toylar section
The Toylar section (section start: 35T 740627 4525571; section end: 35T 739990 4525906) is about 135 m thick and located at the southern part of the village of Toylar ( Figure 1B) . The Upper Cretaceous portion of the Toylar section has a thickness of over 100 m, representing most of the measured section and predominantly consisting of micritic limestones rich in planktonic foraminifera ( Figure  9 ). Local enrichment of pellets and layers with a high concentration of echinoids is noted. Signs of bioturbation are also commonly observed. The same facies is continuous in the Palaeocene portion that also contains abundant planktonic foraminifera; pellet-rich levels and occasional bioturbation markings are recorded, as well ( Figure 9 ). Like in the Belen and Bulduk sections, the clastic content increases and the limestones turn into khaki marls in the upper part of the section. The section ends with yellow sandstones that represent siliciclastic turbidites with larger benthic foraminifera. The presence of Assilina gr. yvettaeaziliensis in the assemblage indicates the upper Thanetian (Serra-Kiel et al., 1998; Vandenberghe et al., 2012) , similar to that of Bulduk section above.
Despite being located in a covered area, the K-Pg transition of the Toylar boundary (Toylar-B) section is studied in detail with additional sampling (Figures 10A-10C and 11). The uppermost layer of the Upper Cretaceous and the lowermost layer of the Palaeocene are distinctly separated by a shallow erosional cleft; nevertheless, samples D1 and D2 are collected from the preserved Upper Cretaceous rocks within the cleft that is contacting the Palaeocene ( Figure 10C ).
Material and methods
Over 80 samples were analysed from thin sections and washed residues for the planktonic foraminiferal biostratigraphy of the studied sections. Three studied sections were previously measured and sampled in the framework of the project "Upper Cretaceous-Eocene palaeogeographic evolution of Kocaeli Peninsula, NW Turkey" (Project No. ITÜ-BAP-332491). An additional 27 samples were collected with a sampling interval of 10 cm or less for refining the biostratigraphic subdivisions of the K-Pg boundary transition within a zone of around 60 cm in thickness. Moreover, isolated specimens of planktonic foraminifera obtained from just below and above the K-Pg boundary at three studied sections complemented the thin section study and they became beneficial especially in the Palaeocene biostratigraphic zonation.
A rich and diverse planktonic foraminiferal assemblage observed in the limestones of the studied sections is mostly adequate to establish the biozones based on thin section identifications. Most of the Cretaceous planktonic foraminifera are clearly identifiable from thin sections, except planispiral and some serial species like Pseudoguembelina palpebra and Pseudoguembelina hariaensis, the latter first appearing in the latest Maastrichtian. In contrast, since species with very small sized tests are almost indeterminable from thin sections in the earliest Palaeocene, washing residues become necessary to analyse planktonic foraminifera of the P0 and Pα zones in the lowermost Danian. Therefore, the samples around the K-Pg boundary are disaggregated by using the acetic acid and chloroform technique (Knitter, 1979) to obtain isolated specimens of planktonic foraminifera as follows: samples D, E, and F from the Bulduk section; samples C, D, and E from the Belen section; and sample F from the Toylar section. Analysis of isolated specimens from the Cretaceous washing residues complement the thin section identifications, whereas the Palaeocene free specimens form the basis for defining the lowermost Danian biozones instead of thin section analysis. Besides the planktonic foraminifera, fragments of benthic foraminifera, echinoid spines, and broken parts of other calcareous shelf organisms are often recognised in thin sections. Moreover, rounded grains comparable to calcispheres are noted to be very abundant in Cretaceous washing samples.
Planktonic foraminiferal biostratigraphy of the studied sections
The works of Keller (1998a, 1998b) and Berggren and Pearson (2005) , including the numerical connotation for the Palaeocene zones by Blow (1969 Blow ( , 1979 , are primarily concerned in this study for the Upper Cretaceous and Palaeocene biozonation, respectively ( Figure 12 ). The lowest occurrence datum (LOD) and the highest occurrence datum (HOD) are used to define the zonal boundaries, a newer approach replacing the former terminology of first and last appearance data. Micrographs of thin section and isolated specimens are shown in Figures 13-16 .
Contusotruncana contusa (CF6) Concurrent Range Zone (Li and Keller, 1998a) Definition-The CF6 Zone spans the interval between the LOD of Contusotruncana contusa and the HOD of Globotruncana linneiana.
Remarks-This zone is recorded as the lowermost biozone in the Belen and Toylar sections (Figures 3 and 9) . As the zonal definition indicates, the upper boundary of this biozone is placed following the highest occurrence datum of Globotruncana linneiana in samples 27 (Belen section) and 15 (Toylar section). G. linneiana is continuously present within the nominal biozone, contrasting with the other biomarker, C. contusa.
Pseudotextularia intermedia (CF5) Partial Range Zone (Li and Keller, 1998a) Definition-The CF5 Zone encompasses the partial range of the nominate taxon, corresponding to the interval between the HOD of Globotruncana linneiana and the LOD of Racemiguembelina fructicosa.
Remarks-Pseudotextularia intermedia Zone is represented by samples 28-30 (Belen section) and samples 16-23 (Toylar section), in concordance with the zonal bioevents (Figures 3 and 9) . The only Pseudotextularia intermedia specimen recorded in the CF5 Zone comes from sample 30 of the Belen section ( Figure 3) ; nevertheless, the taxon range of this specimen covers most of the Maastrichtian and terminates in the end of the Cretaceous (e.g., Premoli Silva and Verga, 2004) . Several Pseudotextularia intermedia specimens are found in the succeeding biozones in the studied sections (Figures 5, 8, and 11) .
It is also noted that a few taxa like Globotruncana bulloides and Contusotruncana fornicata disappear at the lower part of the CF4 Zone in South Atlantic Site 525A (Li and Keller, 1998a) . However, in the El Kef section, the highest occurrence data for these taxa are recorded in the CF5 Zone (Li and Keller, 1998b) . Both taxa disappear before or within the CF5 Zone in the Belen and Toylar sections, similar to the stratotype section (Figures 3 and 9) .
Racemiguembelina fructicosa (CF4) Interval (Lowest Occurrence) Zone (Li and Keller, 1998a) Ogg and Hinnov (2012) , and Vandenberghe et al. (2012) . Recognised biozones are coloured in blue, whereas the tentatively placed biozones are displayed in grey. Remarks-The LOD of R. fructicosa is recorded in samples 4 (Bulduk section), 31 (Belen section), and 24 (Toylar section) (Figures 3, 6, and 9) . The Cretaceous portion of the Bulduk section is relatively narrow compared to the other two sections, and the first three samples could not be referred to CF4 or CF3 due to the lack of marker taxa.
The LOD of A. mayaroensis is generally reported slightly above the LOD of R. fructicosa (e.g., Keller, 1998a, 1998b; Huber et al., 2008 ), or at the same level as documented in the Sinai Peninsula (Obaidalla, 2005) . A. mayaroensis is recorded in the upper levels of the Belen and Toylar sections (samples C and A, respectively), close to the K-Pg boundary ( Figures 5 and 11) .
Unrecorded Pseudoguembelina hariaensis (CF3) Concurrent Range Zone (Li and Keller, 1998a) , and Unrecorded Pseudoguembelina palpebra (CF2) Partial Range Zone (Li and Keller, 1998a) , and Unrecorded Plummerita hantkeninoides (CF1) Taxon Range Zone (Pardo et al., 1996) Definitions-The CF3 Zone corresponds to the interval between the LOD of Pseudoguembelina hariaensis and the HOD of Gansserina gansseri, whereas the CF2 Zone represents the interval between the HOD of Gansserina gansseri and the LOD of Plummerita hantkeninoides. CF1 is defined by the total range of Plummerita hantkeninoides, where the highest occurrence datum of the nominate taxon coincides with the highest occurrence of almost all other Cretaceous planktonic foraminifera.
Remarks-These three biozones (CF1-3) could not be recognised in the studied sections. Among the three zonal markers, Pseudoguembelina hariaensis and Plummerita hantkeninoides are not found in any sample, whereas G. gansseri is recorded only twice, in samples 30 (Belen section, Figure 3 ) and 20 (Toylar section, Figure 9) . Therefore, the CF1-3 zones could not be differentiated in the studied sections and are combined in a single CF1-3 zonal interval (Figures 5, 8, and 11) . It is likely that the sample resolution in the studied sections is too low to detect these three narrow biozones, especially considering that the CF1 and CF2 zones represent very short intervals of ~90 and ~120 kyr, respectively (Abramovich et al., 2010) . This situation indicates that either the condensed state of the K-Pg boundary interval does not allow distinguishing the CF1-3 biozones or these three biozones are really absent in the studied sections.
Unrecorded Guembelitria cretacea (P0) Partial Range Zone (Keller, 1988 , emend. Smit, 1982 , and Parvularugoglobigerina eugubina (Pα) Taxon Range Zone (Liu, 1993 , emend. Blow, 1979 Luterbacher and Premoli Silva, 1964) Definitions-The P0 Zone is defined by the partial range of Guembelitria cretacea between the HOD of the Cretaceous taxa and the LOD of Parvularugoglobigerina eugubina. The Pα Zone is defined by the total range of Parvularugoglobigerina eugubina.
Remarks-Since both biozones cover very short time intervals (~30 and ~70 kyr, respectively, as provided by Olsson et al. (1999) ), it can be quite difficult to detect them in the biostratigraphic studies dealing with wellcemented pelagic limestones. In the studied sections, these biozones seem to be restricted into an extremely narrow interval of a few centimetres in thickness. Nonetheless, Parvularugoglobigerina eugubina is identified from both washing residues and thin sections (Figures 14 and 15) , together with the other characteristic earliest Palaeocene species of genera such as Parvularugoglobigerina, Globoconusa, and Woodringina associated with a few surviving Cretaceous taxa and the earliest members of the Palaeocene planktonic foraminifer genera (Figures 14-16) . Therefore, the presence of the Pα Zone is verified in samples E (Bulduk section), and E and F (Toylar section) (Figures 8 and 11 ). In the Belen section, in turn, the Pα Zone seems to be restricted to an even thinner horizon, which cannot be recognised with the present sampling interval ( Figure 5 ). On the other hand, it was hard to distinguish the P0 Zone due to difficulties in the washing process of the well-cemented carbonate samples from the measured sections. Therefore, the presence of the P0 Zone remains ambiguous for all sections (Figures 5, 8, and 11) .
There are few reworked Upper Cretaceous specimens recorded in the Pα Zone of the Bulduk and Toylar sections (Figures 8 and 11 ). Except the surviving Cretaceous taxa like Guembelitria cretacea and Globoconusa trifolia, mixing up of the extinct Cretaceous taxa into the P0, Pα, and even into the lower parts of the P1 Zone was previously documented (e.g., Arenillas et al., 2000; Peybernès et al., 2004; Gallala et al., 2009) .
Eoglobigerina edita (P1) Partial Range Zone (Berggren et al., 1995, emend. Berggren and Miller, 1988) Definition-The P1 Zone corresponds to the interval between the HOD of Parvularugoglobigerina eugubina to the LOD of Praemurica uncinata.
Remarks-Subdivision of the P1 Zone in the studied sections is explained below with further remarks.
Unrecorded Parasubbotina pseudobulloides (P1a) Partial Range Subzone (Berggren et al., 1995, emend. Berggren and Miller, 1988) , and Subbotina triloculinoides (P1b) Interval (Lowest Occurrence) Subzone (Berggren et al., 1995, emend. Berggren and Miller, 1988) Definitions-The P1a Subzone is defined by the partial range of P. pseudobulloides between the HOD of Parvularugoglobigerina eugubina and the LOD of Subbotina triloculinoides. The P1b Subzone represents the interval between the LOD of Subbotina triloculinoides and the LOD of Globanomalina compressa.
Remarks-The P1b Subzone can be differentiated by the lowest occurrence datum of the nominate taxon, as the subzone definition indicates. The LOD of S. triloculinoides is recorded in samples E (Belen section), F (Bulduk section), and 29 (Toylar section) (Figures 5, 8, and 9) . Being a partial range subzone complicates the recognition of the P1a Subzone in the thin section studies; thus, it is either labelled with a question mark or remains undifferentiated in the present study (Figures 5, 8, and 11) .
Moreover, a few reworked Upper Cretaceous species including Globotruncana rugosa, Globigerinelloides alvarezi, and Planoglobulina brazoensis are recognised in sample E of the Belen section ( Figure 5) . Reworking of the Cretaceous specimens into such younger levels is not commonly observed, but it can be explained by the exceptionally narrow deposition interval for the lower Danian in the studied sections.
Globanomalina compressa/Praemurica inconstans (P1c) Interval (Lowest Occurrence) Subzone (Berggren et al., 1995, emend. Berggren and Miller, 1988) Definition-The P1c Subzone defines the interval between the LOD of Globanomalina compressa and/ or Praemurica inconstans and the LOD of Praemurica uncinata, respectively.
Remarks-The emendation and the same definition of Berggren and Pearson (2005) is followed in this study. The LOD of Globanomalina compressa is recorded in samples G (Belen section), 11b (Bulduk section), and 30 (Toylar section) (Figures 5, 8, and 9 ). In contrast, the LOD of Praemurica inconstans is found only in sample 11b of the Bulduk section (Figure 8 ).
Praemurica uncinata (P2) Interval (Lowest Occurrence) Zone (Berggren et al., 1995, emend. Berggren and Miller, 1988) Definition-The P2 Zone defines the interval between the LOD of Praemurica uncinata and the LOD of Morozovella angulata.
Remarks-The faunal assemblage is useful to distinguish this biozone, in addition to the LOD of the nominate taxon. The P2 Zone is discernible by the lowest occurrences of Morozovella praeangulata and the primordial species of Globanomalina (e.g., G. compressa, G. ehrenbergi) in the absence of the genera Acarinina and Igorina (Figures 3, 6, and 9 ). The HOD of S. trivialis also falls within this biozone (Olsson et al., 1999) .
Praemurica uncinata is recognised as a rare species in all the studied sections. The lowest occurrence of Pr. uncinata in the Bulduk section is recorded in sample 13, which represents the P2 Zone in this section together with sample 14. However, detecting the samples referable to the P2 Zone is more difficult in the Belen and Toylar sections. In the Belen section, the lowest occurrence of the nominal taxon is diagnosed in sample 32-8. However, the lower boundary of the P2 Zone appears to be lower in the section, because the LOD of Morozovella praeangulata, an auxiliary marker for the P2 Zone, is identified in sample 32-7. Therefore, the lower boundary of the P2 Zone in the Belen section is placed between samples 32-6 and 32-7. The only diagnosed Pr. uncinata comes from sample 32 in the Toylar section, which is associated with Morozovella angulata (the marker taxon for the P3 Zone) and other derived taxa like Acarinina and Igorina. Considering that the range of Pr. uncinata extends into the P3a Subzone (Olsson et al., 1999) , this sample clearly represents an upper level in the range of Pr. uncinata. Therefore, as for the Belen section, the P2 Zone in the Toylar section is diagnosed only in sample 31 based on the LOD of M. praeangulata in the absence of the taxa referred to the P3 Zone, where the highest occurrence of S. trivialis is also documented in the same sample.
Morozovella angulata (P3) Interval (Lowest Occurrence) Zone (Berggren et al., 1995, emend. Berggren and Miller, 1988) Definition-The P3 Zone corresponds to the interval between the LOD of Morozovella angulata and the LOD of Globanomalina pseudomenardii.
Remarks-Representing the middle portion of the Palaeocene, the P3 Zone is characterised by notable faunal changes, including the lowest occurrences of Acarinina (A. strabocella) and Igorina (I. pusilla), and the diversification of Morozovella and Igorina at species level that replaced Praemurica, Eoglobigerina, and many other early Palaeocene taxa (Olsson et al., 1999) . The HOD of P. pseudobulloides also occurs within the P3 Zone ( Figures  3, 6 , and 9).
Igorina pusilla (P3a) Partial Range Subzone (Berggren et al., 1995 , emend. Bolli, 1957 Definition-The P3a Subzone is defined by the partial range of the nominate taxon between the LOD of Morozovella angulata and the LOD of Igorina albeari.
Remarks-Besides the nominal taxon, multiple auxiliary taxa can be used to distinguish the P3a Subzone, as well. The LODs of I. pusilla and P. variospira coincide with the lower boundary of the P3a Subzone, whereas the LODs of A. strabocella and M. conicotruncata and the HODs of Pr. inconstans and Pr. uncinata fall within the lower levels of this subzone (Olsson et al., 1999; Premoli Silva et al., 2003) .
Like Pr. uncinata, M. angulata is another rare species in the studied sections. The cooccurrences of M. angulata, A. strabocella, M. conicotruncata, and Pr. uncinata in sample 32 signifies the presence of the P3a Subzone in the Toylar section (Figure 9 ). In the Belen section, however, the LOD of M. angulata (sample 33) is preceded by the LOD of I. pusilla (sample 32-9); therefore, the lower boundary of the P3a Subzone is defined below sample 32-9 based on the LOD of the auxiliary marker (Figure 3) .
Igorina albeari (P3b) Interval (Lowest Occurrence) Subzone (Berggren et al., 1995) Definition-The P3b Subzone defines the interval from the LOD of Igorina albeari and the LOD of Globanomalina pseudomenardii.
Remarks-The LODs of Subbotina velascoensis and Globanomalina chapmani characterise the lower boundary and the lowest part of the P3b Subzone, respectively, whereas the taxon range of I. pusilla also extends into this subzone (Olsson et al., 1999; Premoli Silva et al., 2003) . The LOD of M. acutispira represents the uppermost portion of the P3b Subzone.
Although the zonal marker I. albeari was not detected in any of the studied sections, the subdivision of the P3 Zone is tentatively provided for the Belen and Toylar sections, based on auxiliary markers S. velascoensis, G. chapmani, I. pusilla, and M. acutispira (Figures 3 and 9) . The P3b Subzone is recognised by the LOD of S. velascoensis in sample 32-10 (Belen section) and by the LOD of G. chapmani in sample 33 (Toylar section).
The situation in the Bulduk section is little more complicated. Although the P3 Zone is recorded by the occurrence of M. angulata (sample 17), this biozone cannot be differentiated due to the low sampling resolution. I. albeari and S. velascoensis are not found in any samples of this section, whereas the other auxiliary marker, G. chapmani, is documented only in the uppermost two samples of the section (samples 17 and 19). On the other hand, the occurrence of Pr. inconstans might point out a condensed horizon in this part of the section, because the HOD of it is recorded within the P3a Subzone ( Figure  6 ). Unlike sample 17 that yields the characteristic species of the P3b Subzone, samples 15 and 16 are very poor in planktonic foraminifera, possibly due to the environmental factors since both samples were collected from a layer of calciturbidite. Here, it is assumed that they might represent an unrecorded P3a Subzone in the Bulduk section; thus, the lower boundary of the P3 Zone is tentatively placed below sample 15 ( Figure 6 ).
Globanomalina pseudomenardii (P4) Taxon Range Zone (Bolli, 1957) Definition-The P4 Zone is represented by the taxon range of the nominate taxon.
Remarks-In addition to the taxon range of Globanomalina pseudomenardii, the planktonic foraminiferal assemblage is characterised by the taxonomic diversity of Acarinina (Olsson et al., 1999) .
Globanomalina pseudomenardii/Parasubbotina variospira (P4a) Concurrent Range Subzone Pearson, 2005, emend. Berggren et al., 1995) Definition-The P4a Subzone represents the concurrent range interval between the LOD of Globanomalina pseudomenardii and the HOD of Parasubbotina variospira.
Remarks-Although G. pseudomenardii is identified only once in the Belen (sample 36) and Toylar (sample 38) sections (Figures 3 and 9) , auxiliary species are available to distinguish the lower boundary of the P4a Subzone. The LODs of Acarinina nitida and A. subsphaerica are coeval with the LOD of G. pseudomenardii and thus with the lower boundary of the P4a Subzone. The LODs of M. occlusa and A. mckannai were initially placed just below and above the lower boundary of the P4a Subzone, respectively (Olsson et al., 1999) ; however, the LODs of both taxa were recalibrated and now represent the lower boundary of the P4a Subzone (Premoli Silva et al., 2003) . Therefore, M. occlusa and A. mckannai are also considered auxiliary markers to define the lower boundary of the mentioned biozone. Moreover, the taxon range of G. ehrenbergi reaches to the P4a Subzone and the HOD of it is recorded to be very close to the HOD of P. variospira (Olsson et al., 1999) .
The uppermost part of the Belen section where samples 33-36 were collected is referred to the P4a Subzone on the basis of the concurrent ranges of G. ehrenbergi and M. occlusa (Figure 3) . Similarly, sample 19 including M. occlusa associated with A. mckannai represents the P4a Subzone in the Bulduk section ( Figure 6 ). The P4a Subzone can be recorded by the cooccurrences of A. nitida, A. subsphaerica, and A. mckannai in sample 36 of the Toylar section (sample 36), and the HOD of P. variospira is also noted in the same sample (Figure 9 ). Acarinina subsphaerica (P4b) Partial Range Subzone (Berggren et al., 2000) Definition-The P4b Subzone defines the partial range of A. subsphaerica from the HOD of Parasubbotina variospira to the LOD of Acarinina soldadoensis.
Remarks-The P4b Subzone is recognised in samples 37 and 38 of the Toylar section that represent the partial range between the HOD of P. variospira (sample 36) and the LOD of A. soldadoensis (sample 39). These two samples yield the HODs of M. angulata and S. cancellata, respectively, which succeeded the HOD of P. variospira (Olsson et al., 1999; Premoli Silva et al., 2003) (Figure 9) . Acarinina soldadoensis/Globanomalina pseudomenardii (P4c) Concurrent Range Subzone (Berggren et al., 1995) Definition-The P4c Subzone is defined by the concurrent ranges of the nominate taxa, the LOD of A. soldadoensis and the HOD of G. pseudomenardii.
Remarks-Similar to the P4b Subzone, the P4c Subzone is only represented in the Toylar section, where the LOD of A. soldadoensis is recorded in sample 39 (Figure 9 ). The LOD of Morozovella aequa, an auxiliary bioevent, verifies the presence of the P4c Subzone in the same sample, as well. Although the HOD of S. triloculinoides is reported within the P4a Subzone (Olsson et al., 1999; Premoli Silva et al., 2003) , the occurrence of this species upwards in the section might indicate an extended range for this taxon.
Discussions on the K-Pg boundary transition in the studied sections
The Cretaceous-Palaeogene boundary and related events were briefly evaluated in previous works on the Upper Cretaceous-Palaeocene biostratigraphy studies of the Kocaeli Peninsula and surrounding areas (e.g., Dizer and Meriç, 1981; Bargu and Sakınç, 1987; Tansel, 1989a Tansel, , 1989b Kırcı and Özkar, 1999; Özkan-Altıner and Özcan, 1999) . It is partly based on the well-established concept that the K-Pg transition is conformable in the cited region, and on the monotonous pelagic limestone sequence representing the boundary transition. It is quite difficult to perform high resolution studies in these indurated limestones and to distinguish the formerly defined lowermost Danian biozones (i.e. P0 and Pα zones) and more recently established uppermost Maastrichtian biozones (i.e. CF1 and CF2 zones), which correspond to narrow time intervals.
The zonal markers for the CF1-3 zones could not be recorded in thin sections or in washing residues. Very short durations of the CF1 and CF2 zones (~90,000 and ~120,000 years, respectively, based on the revised ages from Abramovich et al. (2010) ) complicate the diagnosis of these two biozones in the studied sections. Additionally, the top of the Cretaceous sequence coincides with a synsedimentary event in the Belen and Bulduk sections. In both sections, the top of the Cretaceous sequence is marked with a distinct hardground layer of 15-20 cm in average thickness (Figures 4, 5, 7, and 8) . As in a typical carbonate hardground (e.g., James and Choquette, 1983) , it consists of a highly cemented iron-rich horizon with a typical reddish colour and additional yellow to greenish bands of oxides, with additional signs of bioturbation as explained above. The thin section analyses of the hardground levels support the macrofacies observations; the ferrous matrix displays a high contrast with the carbonate tests (Figure 17 ). By definition, hardgrounds represent a synsedimentary lithification event that implies significant reduction or interruption in sedimentation, which might be preserved as a gap in the sedimentary record (e.g., Flügel, 2010) . This situation implies for the Belen and Bulduk sections that the sedimentation was dramatically decreased, if not ceased, in the latest Maastrichtian. However, the duration of the involved time gap is uncertain. A classical textbook example from the Persian Gulf reports that the modern hardgrounds are dated at around a few thousand years based on the dating of radiocarbon isotopes and human artefacts (Shinn, 1969) , implying a diastem rather than a hiatus (sensu Salvador, 1994) . Similar hardground pauses (commonly associated with bioturbation), which do not result in a biostratigraphic gap, are recognised in the Upper Cretaceous-Palaeocene carbonate sequences around the Neotethyan realm, whereas some other hardgrounds in the same sequences are recorded to correspond to larger gaps spanning millions of years (e.g., Premoli Silva and Luterbacher, 1966; Channell and Medizza, 1981; PomoniPapaioannou and Solakius, 1991) . Regardless of the biostratigraphy, this hardground may be a helpful physical tool to pinpoint the top of the Maastrichtian in the Belen and Bulduk sections. On the other hand, biozones CF1 to CF3 cannot be verified for the Toylar section as well, where no hardground is noted (Figures 10 and 11) . The absence of hardground formation in the Toylar section might indicate that the carbonate sedimentation was affected less severely compared to the other two sections; nevertheless, the nominate biozones of the uppermost Cretaceous are either locally absent or restricted to a very narrow interval in the studied sections, which is impossible to detect with hand sampling of well-cemented limestones (Figures 5, 8, and 11) . Since the planktonic foraminiferal biostratigraphy remains inadequate, additional biostratigraphic and geochemical tools are applied to improve the resolution of the uppermost Maastrichtian in all three sections. Unfortunately, geochemical analyses of the boundary samples become unproductive (Thierry Adatte, personal communication, 2013) , and additional biostratigraphic analyses based on calcareous nannoplanktons failed to increase the biostratigraphic resolution around the boundary since the nannoplankton preservation is quite poor in all three sections (Hans Egger, personal communication, 2013) .
Recognition of the lower Danian planktonic foraminifer zones is also problematic in the studied sections since they can be sampled only in a condensed interval of a few centimetres. The P0 Zone is difficult to demarcate even in softer lithology; however, the Pα Zone can be hardly diagnosed in the Bulduk and Toylar sections (Figures 8 and 11 ). As another consequence of condensation, the P1a Subzone can be tentatively marked and it is recorded that many reworked Upper Cretaceous planktonic foraminifer taxa reach up to the P1b Subzone (Figures 5, 8, and 11) . Condensed strata represent the same amount of time in a much narrower interval due to greatly decreased sedimentation rates and it can endure from thousands to several millions of years (Flügel, 2010) . The presence of such a condensed interval suggests that the low sedimentation rate persists in the studied sections during the early Danian. It also becomes quite difficult to record the biozones within the condensed strata, a situation that gives an appearance of a biostratigraphic gap (e.g., Adatte et al., 2002; Tremolada et al., 2008) . Nevertheless, the Palaeocene planktonic foraminiferal biozonation is considered to be complete, despite the tentative occurrences of the P0 and P1a biozones.
A thin section micrograph taken from sample E of the Bulduk section exhibits the condensed nature of the lowermost Danian strata in microfacies as well; the Palaeocene micrite including Danian foraminifera and abundant feldspar grains of unknown origin forms an erosional contact with the Upper Cretaceous micrite containing globotruncanids and abundant calcispheres (Figure 18 ). It appears that the slowdown of sedimentation during the latest Maastrichtian-earliest Danian interval was not only responsible for the hardground formation below the water-sediment contact but also triggered the intense bioturbation and further physical erosion at the surface that intermingled the Cretaceous and Palaeogene sediments at the boundary interval for the Bulduk and possibly for the Belen sections. Even though the reworked Cretaceous taxa are also noted in the Toylar section that seems unaffected by these synsedimentary events, the very low sedimentation rate and resulting condensation appears to be the main factor for the intermixed fossils and sediments at the K-Pg boundary interval in each studied section.
Conclusions
The present study evaluates the planktonic foraminiferal biostratigraphy in the Belen, Bulduk, and Toylar sections located at the southern part of the Kocaeli Peninsula. A detailed planktonic foraminiferal biostratigraphy is provided for the Akveren Formation, especially for the Palaeocene part, and the thin section identifications are complemented by washing residues from samples taken around the K-Pg boundary. The Contusotruncana contusa (CF6) Zone, the Pseudotextularia intermedia (CF5) Zone, and the Racemiguembelina fructicosa (CF4) Zone for Maastrichtian and the Parvularugoglobigerina eugubina (Pα) Zone, the Subbotina triloculinoides (P1b) and Globanomalina compressa/Praemurica inconstans (P1c) subzones of the Eoglobigerina edita (P1) Zone, the Praemurica uncinata (P2) Zone, the Morozovella angulata (P3) Zone, and the Globanomalina pseudomenardii (P4) Zone are defined in all three sections. The subzones of the P3 Zone, Igorina pusilla (P3a) and Igorina albeari (P3b) subzones, are tentatively diagnosed in the Belen and Toylar sections, whereas the tripartite subdivision of the P4 Zone that comprises the subzones of Globanomalina pseudomenardii/ Parasubbotina variospira (P4a), Acarinina subsphaerica (P4b), and Acarinina soldadoensis/Globanomalina pseudomenardii (P4c) can be recognised only in the Toylar section. Finally, this study suggests a tentative position for the three uppermost biozones of the Maastrichtian, Pseudoguembelina hariaensis (CF3), Pseudoguembelina palpebra (CF2), and Plummerita hantkeninoides (CF1), and for the Danian Guembelitria cretacea (P0) Zone and Parasubbotina pseudobulloides (P1a) Subzone of the P1 Zone due to the condensed nature of the lithology.
Hardground formations, signs of bioturbation, and condensed boundary intervals that reflect the carbonate starvation that happened during the latest Maastrichtianearliest Danian interval need to be studied in more detail to evaluate whether the sequence in the southern Kocaeli Peninsula is continuous and to understand what really happened in this section of the Tethyan realm across the K-Pg boundary. No conclusive evidence can be spelled out on the status of the K-Pg boundary in the studied sections at the present time.
